The present research work focuses on the synthesis, characterization and properties of novel polyelectrolyte multilayered microcapsules used as smart additives in organic coatings for corrosion protection of steel parts. Urea formaldehyde microcapsules encapsulated with linalyl acetate (UFMCs), sensitive to mechanical stimulus, were synthesized by in situ emulsion polymerization technique. In the next step, dodecylamine, working as a pH stimulus corrosion inhibitor, was loaded into layers of polyelectrolyte molecules, polyethylenimine (PEI) and sulfonated polyether ether ketone (SPEEK). These were applied layer-by-layer over the microcapsules to form inhibitor containing multilayered urea formaldehyde microcapsules (MLUFMCs). In the next step, MLUFMCs (5.0 wt%) and UFMCs (5.0 wt%) were thoroughly dispersed into the epoxy resin and coated on cleaned steel. A comparison of the structural, thermal and anticorrosive properties indicates that coatings modified with multilayered capsules (PMLSCs) demonstrate good thermal stability, improved self-healing characteristics and higher corrosion resistance compared to the coating modified with urea formaldehyde microcapsules. The improved properties of PMLSCs can be attributed to efficient release of the encapsulated self-healing agent and corrosion inhibitor from the MLUFMCs. Therefore, epoxy coatings modified with the novel multilayered capsules may be attractive for corrosion protection of steel parts used in oil and gas and related industries.
Introduction
Corrosion is one of the primary concerns faced by many industries which cause significant financial damages, wastage of time, efforts and natural resources. In severe situations, corrosion damages may lead to safety threats as well [1] . One of the most effective ways to protect metallic parts from corrosion is by applying organic coatings. Different types of organic coatings have been developed and tested for anticorrosion applications, and it has been demonstrated that the protection depends on the presence of effective anticorrosion pigments and barrier layer efficacy. However, abrasion, microscratches, pores and pinholes contribute significantly to cause failures of the protective coatings [2] . During operation, once the barrier layer is disrupted due to any reason, the degradation of the coated metal progresses rapidly. The aforementioned problems can be mitigated and the coating anticorrosive performance can be further enhanced through the application of smart additives. Smart additives-containing coatings, also known as smart coatings, can sense local environmental changes and respond to those stimuli accordingly [3] . Smart coatings have been synthesized and studied by several research groups [4, 5] . Smart coatings can provide self-healing of the polymeric matrix [4, [6] [7] [8] or/and healing of the corrosion process [9] [10] [11] [12] [13] [14] . Under specific stimulus conditions, the active agents stored into nano/microcontainers can be released to heal the coating or to inhibit corrosion activity. As an example, self-healing coatings containing film forming agents such as linseed oil [15, 16] , tung oil [4] , silanes [17] and epoxy [6] loaded in carriers can heal micro-scratches and defects by forming a stable film in the defective area [5, 7, 16, 18, 19] .
The performance of smart coatings is highly influenced by the nature of the nano/micro-containers that work as storage reservoirs and that can sense certain stimuli [20, 21] such as mechanical load [17] , temperature [22] , light and pH gradients [7, 23] that are expected to tune the release of the active species. For example, polymerizable species released thanks to capsules rupture can react either with the coating matrix [8] , water [24] or oxygen [9] , depending on the nature and type of the active agent. The polymerization of the active agents in coating defects repairs the coating and prevents corrosion [8, 17] .
Another important and reliable trigger is based on pH gradients [25, 26] . pH-sensitive containers loaded with corrosion inhibitors can be activated by local pH gradients associated with the corrosion activity and release the inhibitor into these active areas, protecting the metal. ZnO [10] , SiO 2 nanoparticles [11] , halloysite nanotubes [27, 28] , TiO 2 nanotubes [29, 30] and others have been used as pH-sensitive carriers of corrosion inhibitors. As an advancement, the use of multiple containers sensitive to similar or distinct stimuli, in a single polymeric coating, has gained significant attention and claimed as more effective corrosion protection route [31, 32] . However, very recently, instead of using multiple containers, double-stimuli-responsive smart microcapsules have been reported as a novel route to mitigate corrosion, while reducing the cost of the protective coating [33] .
In the present work, novel polyelectrolyte multilayered microcapsule, with double-stimuli response, is proposed as additives for epoxy coatings to enhance corrosion protection of steel. Ureaformaldehyde microcapsules loaded with linalyl acetate (self-healing agent) were synthesized by in situ emulsion polymerization (UFMCs). Linalyl acetate is released when mechanical stimulus, i.e., an artificial crack is created. Furthermore, dodecylamine, a corrosion inhibitor, was entrapped into the layers of polyelectrolyte materials (PEI and SPEEK), using the layer-by-layer technique to develop pHsensitive multilayered urea formaldehyde microcapsules (MLUFMCs) [33] [34] [35] [36] [37] . The results evidence that coatings modified with MLUFMCs provided increased corrosion resistance. The improvement in corrosion resistance can be attributed to the chemistry of the novel multilayered formulation. In case of SPEEK, deposited as a polyelectrolyte layer, the degree of sulfonation is much higher; hence, the interaction between the polyelectrolyte layers deposited in the current study will be stronger as compared to other polyelectrolyte materials already reported in the literature. This strong interaction between the polyelectrolyte layers will facilitate the entrapment of inhibitor which will be clearly shown in the TEM images presented in the results. The autoxidation phenomenon of linalyl acetate with the atmospheric oxidation makes it more efficient and spontaneous to use a self-healing agent as compared to other self-healing materials already reported, i.e., linseed oil and tung oil, etc. Dodecylamine is an efficient corrosion inhibitor especially in the acidic medium, and the sustained and controlled release of DOC, in response to an external stimuli, makes it effective to use in the current polyelectrolyte multilayered formulation.
Experimental section Materials
All the required chemicals, which include urea, ammonium chloride, resorcinol, hydrochloric acid, sodium hydroxide, 37 wt% formaldehyde, ethylenemaleic anhydride copolymer (EMA), dodecylamine, ethanol, sulfonated polyether ether ketone (SPEEK), linalyl acetate and sodium chloride, were purchased from Sigma-Aldrich. Epofix resin along with diethylenetriamine employed as hardener for the resin, dimethylacetamide and polyethylenimine (PEI) were purchased from BDH Chemicals Ltd. Cleaned and polished carbon steel sheet was used as substrates.
Synthesis of urea formaldehyde microcapsules encapsulated with linalyl acetate (LA)
Urea formaldehyde microcapsules encapsulated with linalyl acetate were synthesized by in situ emulsion polymerization method as reported by Brown et al. [38] . A schematic diagram of the experimental set up is presented in Fig. 1 . During this process, 200 ml of deionized water was mixed with 50 ml of aqueous solution of EMA (25 wt%). Later, 5.0 g urea, 0.5 g of ammonium chloride and 0.5 g of resorcinol were added to the solution and thoroughly mixed using an overhead mechanical stirrer to form a homogenous solution. The pH of the solution was adjusted at approximately 3.0 using NaOH and/or HCl. After maintaining the desired pH, 50 ml of linalyl acetate was added to the solution and left to stabilize for 10 min under continuous stirring at 400 rpm. This stirring resulted in homogeneous mixing of the ingredients. Then 13.0 g of aqueous formaldehyde (37.0 wt%) was added to the solution, and the temperature was slowly increased until it reached to 55°C, leading to encapsulation of linalyl acetate into the urea formaldehyde. The temperature of the solution was kept constant during the entire encapsulation process using a temperature-controlled water bath. After obtaining the desired encapsulation temperature (55°C), the stirring speed was increased to 1000 rpm to obtain medium size of the urea formaldehyde microcapsules encapsulated with linalyl acetate (UFMCs). It is pertinent to mention here that size of UFMCs is highly influenced by the stirring speed. The continuous stirring of the solution for 4 h employing 1000 rpm at 55°C resulted in a suspension containing UFMCs. The suspension was then vacuum-filtered to obtain UFMCs, which were thoroughly rinsed with water and dried at room temperature.
Synthesis of multilayered microcapsules impregnated with dodecylamine (DOC)
The layer-by-layer technique was used to coat layers of the polyelectrolytes SPEEK and PEI on the surface of the UFMCs. The positively charged polyelectrolyte PEI was first coated on the surface of the UFMCs by mixing 40 ml microcapsules suspension with 60.0 ml of PEI solution (2.0 mg ml -1 ) for 10.0 min at 300 rpm. To remove the excess PEI, the mixture was centrifuged and then washed three times with distilled water. Then a negatively charged polyelectrolyte SPEEK layer was assembled on the positively charged polyelectrolyte PEI by adding 40 ml suspension of the above prepared microcapsules (microcapsule ? PEI) to 60.0 ml of the SPEEK solution. The suspension was continuously stirred at 300 rpm for 10 min. Excessive amount of the SPEEK was removed through centrifuging process similar to the first layer. The SPEEK solution was formed by dissolving SPEEK in the dimethylacetamide using concentration of 2.0 mg ml -1 at room temperature. To completely absorb the SPEEK and to form a homogeneous solution, the mixture was stirred for 10.0 min at 300 rpm [39] . The third layer, composed of positively charged dodecylamine (DOC), was prepared by adding the 40.0 ml solution of abovesynthesized microcapsules (microcapsules ? PEI ? SPEEK) with the 60.0 ml solution of dodecylamine (10.0 mg ml -1 ), adjusting the pH to 3 and stirring the mixture for 20 min at 300 rpm. The fourth layer, SPEEK, and the fifth layer, PEI, were deposited on the shell of the microcapsules containing DOC, respectively, using the same procedure described earlier. 
Preparation of coated specimens
Cleaned carbon steel specimens were ground using different SiC abrasive papers (180, 400, 800, 1000 and 1200 grits), washed with distilled water, degreased in acetone, washed again with distilled water and dried with air. For comparative purposes, three types of coatings were prepared using doctor blade technique; (1) pure epoxy coatings without any microcapsules referred as PEC (2) coatings containing UFMCs referred as SLSCs and (3) coatings containing MLUFMCs designated as PMLSCs. For a direct comparison purpose, 5.0 wt% of each type of microcapsules were uniformly dispersed in the epoxy, mixed with the hardener in the same stoichiometric ratio and finally sonicated for 10 min at room temperature to remove the air bubbles. Finally, coatings of approximately 120 lm thickness were applied on cleaned carbon steel substrates using a doctor blade. The coated specimens were cured at room temperature for 24 h. The schematic diagrams of SLSCs and PMLSCs are shown in Fig. 3 .
Characterization of microcapsules and coatings
The presence of polyelectrolyte layers, self-healing species and corrosion inhibitor in the microcapsules was confirmed through FTIR analysis. The analysis was carried out using the FTIR Frontier (PerkinElmer, Frontier, USA) instrument, and the spectra were recorded in the range of 4000 to 500 cm -1 . The charge of multilayers was determined employing zeta potential equipment (Malvern, Zeta sizer, Nano ZSP, USA).
The presence of polyelectrolytes layers on the surface of microcapsules and their chemical composition was further confirmed by XPS (AXIX Ultra DLD, Kratos, UK) employing monochromatic X-ray Source-Al Ka source; the binding energy of C 1 s (284.6 eV) was used as reference. To determine the elemental composition, XPS survey spectra were recorded in the binding energy range of 250 to 800 eV. High-resolution spectra were recorded for C 1 s at an energy step size of 0.1 eV at pass energy of 10 eV.
The surface morphology of the synthesized microcapsules UFMCs and MLUFMCs was studied by a field emission scanning electron microscope (FE-SEM-Nova Nano-450, Netherland) and transmission electron microscopy (TEM, FEI, TALOS F200X, USA).
The particle size distribution of the prepared microcapsules was studied using particle size analyzer (Malvern, Master sizer 2000, Panalytical, USA).
The structural and phase analysis of microcapsules was performed through X-ray diffraction analysis using a PAN analytical X'pert Pro Cu (Ka), with a scanning rate of 2°min -1 and scanning angle ranging between 10°B 2h B 50°. A TGA synchronization analyzer (PerkinElmer, TGA 4000, USA) was used to analyze the thermal stability of the synthesized microcapsules and the developed coatings in the temperature range 30°C to 600°C employing heating rate of 20°C min -1 . Self-release of the inhibitor encapsulated in nanocontainers was carried out by conducting UVVis spectroscopic analysis (LAMBDA 650 UV/Vis Spectrophotometer, PerkinElmer, USA). During this test, small amount of MLUFMCs (0.2 g) was added to 0.1 M NaCl solution to form a suspension. The amount of the released DOC from the MLUFMCs was measured as a function time at various pH values. The self-healing ability of smart coatings was evaluated using FE-SEM (FE-SEM-Nova Nano-450, Netherland).
The coatings were subjected to a controlled scratch following ASTM D1654 standard procedure and the scratch healing was recorded as a function of time. The corrosion resistance of coatings was studied by EIS in 3.5 wt% NaCl solution using a three-electrode electrochemical cell, using the coated steel sample as working electrode and a graphite rod and Ag/AgCl as counter and reference electrodes, respectively. The EIS analysis was carried out using a Gamry 3000 (30 K BOOSTER Potentiostat/Galvanostat/ZRA, USA). EIS experiments were conducted within a frequency range of 0.1 to 100 kHz, starting from the higher limit toward the lower one, at OCP, and the rms signal was 10 mV.
Results and discussion FTIR analysis of microcapsules and coatings
FTIR analysis confirmed encapsulation of linalyl acetate in urea formaldehyde microcapsules and the loading of dodecylamine in the polyelectrolyte layers. Figure 4a , b shows the FTIR spectra of UFMCs and pure linalyl acetate. The broad absorption band at 3320 cm -1 shows overlapping of the O-H bond and N-H bonds and can be ascribed to urea-formaldehyde. The O-H bond is shifted to the right side due to the strong C=O dipole force of encapsulated linalyl acetate in the UFMCs. The small sharp peak at 3090 cm -1 represents the C-H bands, while peaks at 2970 cm -1 and 2930 cm -1 show the presence of C-H 3 and the sharp peak at 1740 cm -1 represents the carbonyl C=O bands, which can be associated with linalyl acetate and urea formaldehyde. All these bands confirm the presence of linalyl acetate. However, there is a new peak at 1542 cm -1 representing the N-H band and it accounts for the presence of urea-formaldehyde. Moreover, the peak at 1366 cm -1 also represents a C-H band with different vibration, while the peak at 1250 cm -1 corresponds to the C-N band. It can be noticed that the C-H and C-N vibrations are present in both UFMCs and pure linalyl acetate. The presence of corresponding distinctive absorption bands of N-H at 1542 cm -1 (urea formaldehyde), C=O at 1740 cm -1 (linalyl acetate) and C-N at 1250 cm -1 (linalyl acetate) in the UFMCs confirms efficient storage of linalyl acetate. Figure 4c , d shows the FTIR spectra of pure dodecylamine (DOC) and MLUFMCs. The broad peak at 3315 cm -1 in the MLUFMCs spectrum and a minor sharp peak in the spectrum of pure DOC corresponds to the N-H bonding. The two sharp peaks at 2925 cm -1 and 2850 cm -1 represent the C-H bonds in DOC and MLUFMCs; however, the peak intensity is high in DOC because of the long C-H chain in the structure of DOC. The peaks present at 1550 cm -1 and 1187 cm -1 represent C=C and C-O bonds, respectively, which confirms the presence of SPEEK layer on the surface of MLUFMCs. Similarly, the peak at 1250 cm -1 can be ascribed to C-N band, which clearly demonstrates the existence of a PEI layer on the MLUFMCs. The presence of corresponding distinctive absorption bands of N-H at 3315 cm -1 (DOC), C=C at 1550 cm -1 and C-O band at 1187 cm -1 (SPEEK) and C-N at 1250 cm -1 (PEI) confirms the formation of MLUFMCs and efficient encapsulation of DOC. It is pertinent to note that C-N band at 1250 cm -1 overlaps with linalyl acetate as reported previously [40] . 
Zeta potential measurements of microcapsules
To confirm the polarity of layers on the MLUFMCs, zeta potential of each layer was determined, and the results are presented in Fig. 5 . It can be noticed that the zeta potential of the UFMCs is negative (* -1.84 mV). However, when a PEI layer is formed on UFMCs the value of charge shifted to positive value (* ?20 mV) which indicates that the PEI layer carries a positive charge and thus can be easily bonded to the UFMCs. Furthermore, adsorption of SPEEK layer on PEI shifts the charge toward negative value (* v-10.0 mV) confirming its negative polarity. Owing to negatively charged (from the -SO 3 group), the SPEEK layer can be easily bonded to the positively charged underneath PEI layer. Finally, shifting of the potential toward positive value (* ?1.0 mV) due to DOC indicates that it can be easily encapsulated between the SPEEK layers. It can be noticed from Fig. 5 that the surface charge varies according to the deposited layer (PEI, SPEEK, DOC) confirming the adsorption of the corresponding layer. Furthermore, zeta potential is increased by the addition of PEI (cation) on the surface and it decreased with the deposition of SPEEK (anion). A slight increase in zeta potential is observed after the addition of DOC leading to the successful adsorption of DOC. The obtained zeta potential results are consistent with results reported elsewhere [33] .
XPS analysis
The XPS survey spectra recorded in the binding energy range of 250 to 800 eV is shown in Fig. 6 . XPS measurements with probe depths of up to 10 nm were performed. The major identified elements in the samples are carbon, oxygen and nitrogen. The presence of carbon, oxygen and nitrogen were expected from the chemical composition of the urea formaldehyde and polyethylenimine (PEI) in UFMCs and MLUFMCs, respectively. The high-resolution XPS spectra (C1s) for the UFMCs and MLUFMCs samples are also presented in inset (a) and (b) of Fig. 6 , respectively. In C1s spectrum for the both type of samples, the peaks at 284.6 and 286.3 and 288.3 eV refer to C-C bond C-O bond and C=O bond, respectively [41] . The intensity of C-O and C=O bonds peaks in C1 s spectrum have significantly been reduced after the adsorption of PEI on the surface of the microcapsules. The positions of the C-O and C=O are not very distinguishable in the encapsulated samples due to the peaks broadening. This indicated that the microcapsules have been encapsulated by the coated materials. As it is obvious from the molecular structure of the PEI, it mainly consists of C-C chains and there is no clear existence of C-O and C=O bonds when compared to the urea formaldehyde.
FE-SEM/HR-TEM analysis of the encapsulated and multilayered microcapsules
Field emission scanning electron microscopy (FE-SEM) and high-resolution transmission electron microscopy (HR-TEM) analyses were conducted to study the morphology of the microcapsules (UFMCs, MLUFMCs) and the respective smart coatings (SLSCs, PMLSCs). Figure 7a shows the FE-SEM image of UFMCs. A spherical morphology of the UFMCs with mean diameter 36 lm is observed without any crack and porosity. Moreover, a rough surface and variation in the size of microcapsules can also be noticed. In the in situ polymerization, the size of the microcapsules depends on the stirring rate [4] and it becomes finer with increasing stirring rate due to high shear force. The rough exterior surface improves the adhesion of the microcapsules to the coating matrix. The complete dryness, high tensile strength and low water absorbing capability of the urea-formaldehyde has led to the formation of more visible and isolated UFMCs. Figure 7b shows the morphology of the MLUFMCs. These multilayered capsules have similar nodular morphology as UFMCs. A significant variation in the size of the MLUFMCs capsules can also be noticed. A change in color may be related to the deposition of polyelectrolyte layers on the encapsulated UFMCs. However, a denser and more diffused structure is achieved in MLUFMCs as compared to UFMCs due to existence of multiple layers of polyelectrolyte materials. Figure 7c, d represents the structure of PMLSCs and SLSCs. It can be noticed that a dense, uniform, crack free and homogeneous structure is preserved in both kind of coatings. It can also be noticed that there are no pore and pin holes present in the coatings.
In order to have more insight of the developed MLUFMCs microcapsules, HR-TEM analysis was undertaken and the results are presented in Fig. 7e , f. It can be clearly noticed that well-defined multilayered nodular structure is preserved. The encapsulation of linalyl acetate and the presence of polyelectrolyte multilayers in MLUFMCs can be clearly noticed. The average core is *350 nm, and the average thickness of polyelectrolyte multilayer is *206 nm. The TEM analysis clearly confirms the formation of MLUFMCs. In TEM analysis, only smaller-size microcapsules were focused to study morphological features. However, it is pertinent to note that the average particle size of the synthesized MLUFMCs is 65 lm as confirmed by our particle size analysis and discussed in the proceeding section.
Particle size and XRD analysis of the microcapsules
The particle size distribution of the microcapsules is further confirmed with particle size analyzer, and the results are shown in Fig. 8 . It can be seen that the particle size of the UFMCs ranges from 0.01 to 500 lm. The majority of the UFMCs are made up of 10*63 lm, and the mean diameter of the UFMCs is found to be 36 lm. Our analysis indicates that the stirring rate of 1000 rpm has resulted in UFMCs having average size of 36 lm. Figure 8 also shows the particle size distribution of MLUFMCs. It can be seen that the mean diameter of MLUFMCs is about 65 lm. The increase in the diameter of MLUFMCs indicates the deposition of polyelectrolyte layers and the inhibitor on the surface of the UFMCs. Furthermore, size variation in MLUFMCs can also be noticed and it is found that majority of the MLUFMCs are made up of size in the range of 10 to 125 lm. The mean diameter of MLUFMCs is found to be 65 lm. These results are consistent with our TEM analysis.
In order to study the effect of polyelectrolyte layers and the surface of microcapsules and the structural analysis of UFMCs and MLUFMCs, XRD analysis was also conducted. Figure 8 inset shows the XRD spectra revealing the amorphous behavior of the UFMCs and MLUFMCs. The peak at 17.58 accounts for the presence of urea-formaldehyde present as the shell material of UFMCs encapsulated with linalyl acetate. Another peak at 228 is observed, with higher intensity, which can be attributed to the deposited polyelectrolyte layers on the surface of UFMCs.
Thermal stability of the microcapsules and epoxy coatings Thermal stability of encapsulated UFMCs, MLUFMCs, SLSCs and PMLSCs was analyzed using TGA, and the results are presented in Fig. 9 (a, b) . It is seen that both UFMCs and MLUFMCs experience a gradual weight loss with increasing temperature up to 600°C (Fig. 9a) . The initial weight loss (50 to 80°C) may be associated with the removal of the absorbed moisture in the microcapsules. In the next region, the UFMCs show complete weight loss up to 200°C due to encapsulated linalyl acetate (B.P, 220°C). However, the MLUFMCs exhibit better thermal stability which can be associated with the presence of high thermally stable polymeric structure (PEI and SPEEK) and dodecylamine. The drop around 200°C could be due to the loss of sulfonic acid group of the SPEEK. These findings are consistent with previous studies [42] . Figure 9b shows the TGA spectra of the SLSCs and PMLSCs. Like microcapsules, there is small weight loss at the first stage (50 to 80°C) for only the SLMCs, attributed to the presence of moisture in the coating. A comparison of Fig. 9a, b indicates that SLSCs and PMLSCs demonstrate better thermal stability compared to UFMCs, MLUFMCs which could be linked to the presence of polymeric matrices of the PEI and SPEEK and the long chain of dodecylamine.
Measurement of self-releasing of DOC from MLUFMCs in response to pH change Figure 10 shows the release of DOC from the MLUFMCs in response to pH change. MLUFMCs were dipped into 0.1 molar NaCl solution having five different pH values (2, 5, 7, 9, 11) and then UV-Vis spectroscopy was under taken at each pH value for different time intervals (24, 48 and 72 h). After 24 h of immersion of MLUFMCs in the solution, no absorption peak was detected at any pH value (Fig. 10a) . However, after 48 h (Fig. 10b) of immersion, the absorption peak at 280 nm in pH 2 indicates DOC release from the MLUFMCs. At this pH, the NH 2 of Figure 8 Particle size analysis of as-synthesized ureaformaldehyde microcapsules-UFMCs and multilayered ureaformaldehyde microcapsules-MLUFMCs. Inset shows the XRD of the UFMCs and MLUFMCs.
DOC changes to NH 3
? which facilitates the release of DOC. After 72 h (Fig. 10c ) in pH 2, the intensity of the peak increased compared to 48 h, which demonstrates an increase in the amount of inhibitor released with time. Thus, the results obtained at pH 2 confirm that the release of the impregnated DOC in MLUFMCs is a time-dependent process. Furthermore, DOC release is pH sensitive, but the most efficient release was noticed only in acidic environment (pH 2). Figure 11 shows the self-healing ability of SLSCs and PMLSCs. The coatings were subjected to controlled damage. In response to the mechanical damage (creation of a scratch in the coatings), the microcapsules present in the coating matrix are ruptured and release the self-healing agent (linalyl acetate), which polymerizes in air and heals the scratch. Linalyl acetate has the ability to auto-oxidize when exposed to air, forming sensitizing hyperoxides as it contains oxidizable positions within its chemical structure. Hyperoxides, an epoxide and alcohol have been identified as oxidation products from linalyl acetate. However, 6,7-epoxy-3,7-dimethylocta-1,5-diene-3yl acetate is identified as the secondary oxidation product [43, 44] . A comparison of Fig. 11a, d indicates that after 24 h SLSCs have healed significantly, whereas the PMLSCs were partially self-healed. This observation suggests that the self-healing ability of SLSCs is superior to PMLSCs. This is due to the higher amount of self-healing agent (linalyl acetate) present in the UFMCs. It is pertinent to note that SLCs contain UFMCs which are encapsulated with linalyl acetate only, while the PMLSCs have linalyl acetate in the core and loaded dodecylamine in the layers as well. So, with the same weight percent of encapsulated UFMCs (5 wt%) and MLUFMCs (5 wt%), SLSCs have more amount of self-healing agent (linalyl acetate) when compared to PMLSCs (because of the only linalyl acetate as a core material in UFMCs) and thus shows better self-healing performance. These findings are consistent with previous results [4, 45] . However, it is worth to note that after 72 h, the PMLSCs have also been self-healed as shown in Fig. 11e , f demonstrating successful healing effect.
Self-healing of smart coatings

Electrochemical Impedance Spectroscopy (EIS)
EIS analysis was performed to investigate the anticorrosive and consequently the corrosion healing performance of the prepared coatings. The EIS measurements were carried out after the immersion of the scratched samples in 3.5 wt% NaCl solution for 2, 24 and 48 h at room temperature. Bode plots for PECs, SLSCs and PMLSCs are depicted in Fig. 12 . Figure 12 show that EIS spectra have a similar shape. Therefore, all coatings seem to display an identical number of time constants that were fitted with an equivalent electric circuit of the two-time constants with mass-controlled diffusion- Fig. 13 . R s is the solution resistance, R po is the pore resistance in the intact parts of the coating, R ct represents the charge transfer resistance at the steel interface (pores and scratched areas). The constant phase elements related to double layer capacitance and coating capacitance are represented by CPE dl and CPE c , respectively. The Warburg diffusion element (W) illustrates the presence of mass transport. The combination of CPE dl and R ct was used to fit the lowfrequency time constant and can be assigned to the steel/coating interface. The high-frequency time constant (CPE coat and R po ) accounts for the barrier properties of the coated areas. (see Fig. 12c and Table 1 ). The higher R ct value for the coating containing the multilayered capsules indicates that the corrosion inhibitor, and the self-healing agent encapsulated in the multilayers of the synthesized capsules were released as consequence of the scratch and local pH acidification caused by Figure 12 (a, c, hydrolysis of iron ions released due to corrosion. It can be noticed that the PMLSCs show further increase in the R ct value, with a major shift in the phase angle compared to the corresponding value after 24 h of immersion due to further release of corrosion inhibitor (dodecylamine) to the scratched area leading to inhibition of the corrosion activity. The higher R ct value (25.2 9 10 6 Xcm 2 ) can be attributed to effective release of inhibitor and simultaneous formation of the healing film.
The charge transfer resistance is increasing in the SLSCs and PMLSCs with time (from 2 h of immersion to 24 h) due to the release of dodecylamine as well as release of linalyl acetate, both forming protective species. The R ct values showed further increase for the PMLSCs compared to SLSCs due to the double action of the PMLSCs coatings that comes from the polymer healing effect and corrosion inhibition of steel. In fact, the damaged area, even after healing by linalyl acetate, still contains some microdefects and may not avoid totally the corrosion activity. Hence, after 24 h of the scratch the corrosion process slowly progresses, and the pH of the surrounding medium acidifies due to hydrolysis of Fe cations and effect that stimulates the release of dodecylamine from the polyelectrolyte layers. The results obtained in the present work are in line with the previous reported literature [33, 35] .
A comparison of the anticorrosive properties of the coatings developed within this work with those already reported literature is presented in Table 2 . The comparative analysis demonstrates that the coatings developed in the present work possess superior anti-corrosive performance, an effect that can be attributed to the novel chemistry of the polyelectrolyte multilayered urea formaldehyde microcapsules, selection of the selected inhibitor, selfhealing agent and their efficient release in response to the external stimuli. The two protective mechanisms are independently and simultaneously occurring in the developed coatings and hence increasing the corrosion protection performance of the smart coatings. The enhanced anticorrosion performance makes this composite coating an interesting option to protect steel components used in the oil and gas as well as other related industries.
Conclusion
Single-layer smart coatings (SLSCs) and polyelectrolyte multilayered smart coatings (PMSCs) were prepared from urea formaldehyde capsules loaded with linalyl acetate and capsules loaded with linalyl acetate and containing dodecylamine, respectively. It can be concluded that PMLSCs demonstrate improved thermal and superior anticorrosion properties compared to SLSCs. This enhancement can be attributed to the efficient release of the encapsulated self-healing species, linalyl acetate and corrosion inhibitor (dodecylamine) entrapped in polyelectrolyte layers from the MLUFMCs. Owing to the good thermal and enhanced anticorrosion properties, the novel PMLSCs may be attractive for designing of functional coatings for corrosion protection of steel parts.
